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Abstract
Animal pollinators and the plants they pollinate depend on networks of mutualistic partner-
ships and more broadly on the stability of such networks. Based mainly on insect-plant visi-
tation networks, theory predicts that species that are most prone to extinction contribute the
most to nestedness, however empirical tests are rare. We used a sunbird-tree visitation net-
work within which were both extinction prone vs non extinction prone sunbird species to test
the idea. We predicted that the extinction prone species would contribute the most to nest-
edness. Using local abundance as a proxy for extinction risk we considered that locally rare
sunbird species, by virtue of their small population size and associated demographic sto-
chasticity to be more at risk of extinction than the common species. Our network was not
strongly nested and all sunbird species made similar contributions to nestedness, so that in
our empirical test, extinction proneness did not predict contribution to nestedness. The con-
sequences of this finding remain unclear. It may be that network theory based on plant-
insect mutualisms is not widely applicable and does not work for tree- sunbird mutualistic
networks. Alternatively it may be that our network was too small to provide results with any
statistical power. Without doubt our study highlights the problems faced when testing net-
work theory in the field; a plethora of ecological considerations can variously impact on
results.
Introduction
Pollinator declines are of global concern for biodiversity and food security [1] so that under-
standing how plant-pollinator networks respond to perturbations has applications in both
conservation biology and agricultural science [2]. For example, individual species make differ-
ent functional contributions to network properties, so that their decline will have differing
implications for the stability of a network [3, 4]. This is especially relevant in networks where
one/some of the players are threatened with extinction [3]. In some cases losing a single species
will trigger cascade effects, where the loss of one species sets off a cascade of secondary
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extinctions [5]. However, it is difficult to use current network theory to accurately predict how
the loss of single species within a network affects the stability of the whole network; there is
controversy in the literature as to which network properties most influence species survival
and network stability [6, 7, 8].
Two network properties, nestedness-a tendency for species with fewer partners to interact
with a subset of species that interact with more partners or generalist species [9] and connec-
tance—the number of observed links between plant and animal species in a given network
divided by the total number of potential links in the network [10, 11]-are among the few net-
work properties where the differential contribution of individual species can be readily evalu-
ated. They are relatively easily incorporated into conservation monitoring and show potential
in conservation management [12]. Most mutualistic networks are nested to some degree; nest-
edness reduces competition relative to facilitation [3], so that the more nested the network, the
more resilient it may be to environmental perturbations and species extinctions [3, 13].
Increasing connectance may also increase network resilience because it increases the propor-
tion of all possible interactions that actually occur [11, 14], so that if one species is lost other
connections are still available. Theoretically, the removal of strong contributors to either nest-
edness or connectance negatively affects network stability [3, 13]. One prediction from topo-
logical models with direct relevance to conservation is that strong contributors to nestedness
are most prone to extinction [3].
The implications of species loss to network stability have mostly been investigated in terms of
species network properties or place in network architecture, ignoring their biological character-
istics such as temporal availability [11] and pollination efficiency [15, 16]. Moreover most pre-
dictions are based on models using empirical insect-plant visitation data sets e.g. [3, 13, 17, 18,
19, 20]. By necessity such models are limited in that they fail to account for relevant biological
properties which are understandably difficult to quantify. Even the conservation status of most
insects is unknown, which leads to difficulty when including extinction proneness in models.
Bird-plant pollination networks offer good examples of networks where individual species
contributors are in decline. Specialised pollinating systems such as e.g., nectar feeding hum-
mingbirds in the New World [21, 22, 23] and sunbirds (Nectarinididae) in the Old World [24,
25, 26] are especially vulnerable. Sunbirds, the focus of this study, are extremely sensitive to
habitat loss [25, 26] and at least 15 of 122 sunbird species are either vulnerable (4 species), near
threatened (8 species) or endangered (3 species) and are now of global conservation concern.
We hoped that some of the limitations inherent in insect-plant pollination networks could be
overcome by using bird-pollination networks; birds are physically larger than insects, they
have been studied for a long time and their species distributions are well known. Of signifi-
cance is the fact that although very few pollinating bird species exist, a high proportion of
them are of conservation concern [27].
Here we use an empirical sunbird-tree pollination network to test hypotheses around indi-
vidual species contributions to networks. This is important, especially when network theory is
being integrated into conservation management tools [28]. Our aim is to determine how gen-
erally applicable are models based on insect-plant visitation data to other animal-plant pollina-
tion networks. Never to our knowledge, have these predictions been tested in a visitation
network, especially one involving birds exclusively.
Our three objectives were to:
1. Determine the stability of the sunbird-tree visitation network
2. Test if extinction prone species contribute the most to nestedness
3. Test if strong contributors to nestedness have low connectance.
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Our network is not closed in that sunbirds visit herbs as well as trees [29, 30] and the trees
in our network are occasionally visited by other bird species [31]. At least one tree species
(Anthanotha noldea) in our network is totally dependent on sunbirds for seed set [32]. We
ranked the contributing sunbird species in terms of rarity. On the premise that i) strong con-
tributors to nestedness are the most prone to extinction [3] and that ii) rare species are more
extinction prone than common ones [4] we empirically test the hypothesis that rare species
contribute the most to nestedness. If our results support the hypothesis, we will better under-
stand biologically why, in this plant-visitation network, strong contributors to nestedness
are most prone to extinction. We also investigate the relationship between species contribu-
tion to nestedness and their connectance. We hypothesise that strong contributors to nested-
ness will have low connectance and therefore be more vulnerable to partner species
extinctions.
That sunbirds have a known distribution and conservation status allowed us to test our sys-
tem based on proxy IUCN criteria. This would be much more difficult, if not impossible, with
insect taxa, where there are often gaps in our knowledge as to the extinction risk of many spe-
cies. Moreover, our study is the first time to our knowledge that species rarity has been used as
a biological characteristic to test the theoretical implication of species contribution to nested-
ness. Previous studies have mostly focused on abundance without consideration to rarity and
other biological attributes such as size and dietary preference [33, 34].
Materials and Methods
Our study was conducted in and around Ngel Nyaki Forest Reserve (NNFR; 07˚ 05’ N 11˚ 04’
E) on the eastern edge of the Mambilla Plateau in Taraba State, Nigeria at an elevation of
approximately 1650 m a.s.l. NNFR is 46 km2, comprising c. 7.5 km2 of montane forest sur-
rounded by overgrazed Sporobilus grassland and small riparian forest fragments [35] (Fig 1).
Sunbirds use a variety of habitats in NNFR, including forest, forest edge and riparian frag-
ments [36] and can be envisaged as an island of sunbird habitat within a sea of grassland. Ngel
Nyaki forest is the only forest of its kind remaining on the Mambilla Plateau [35].
Interaction data were obtained by direct observation, we identified five individual trees of
each of 14 tree species between 2011–2014 and observed all sunbird species visiting them. The
tree species were chosen based on flower availability, with the aim being to collect data from as
many flowering tree species in the forest as was logistically feasible. Of the 14 tree species, two
are IUCN Red Data Listed (Dombeya ledermanii and Nuxia congesta) but both are locally com-
mon [35]. To account for variation in the spatial abundance and distribution of sunbird spe-
cies, we selected focal trees of each species from different parts of the forest. Trees of each
species were always at least 100 metres apart. Observations were restricted to times of the day
when sunbirds are particularly active (6:30 am-12:30 pm and 3:30–5:30 pm) and to periods of
peak flowering (October-January). Each individual tree was monitored for a period of 20 min-
utes during each observation session (i.e., morning or evening), for a total of 40 observation
minutes per tree per day. A total of 120 minutes were spent observing each tree (i.e. three
observation days per tree per species). We alternated the order that tree species were observed
during each session to account for any possible biases from time of day.
During observations, we positioned ourselves approximately 25 metres from the focal tree
to avoid distracting the sunbirds from foraging. Each time birds were observed visiting a tree,
we recorded the number and identity of birds, the time of detection or arrival, the number of
flowers contacted, and the time of departure. We used the total number of individuals of each
sunbird species that contacted flowers to calculate the frequency of visitation for each tree spe-
cies. These data were used to develop the flower visitation network.
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A line transect census technique [37] was used to estimate the diversity and abundance of
sunbirds across the study site. Sampling was carried out between 6:30 am-9:30 am and 3:30–
5:30 pm on most days between November 2012-February 2013 and between November 2013-
February 2014. A total of 19 transects ranging from 336 m to 1,737 m long and covering a total
distance of 16.7 kilometres were surveyed. Transects were selected to include a representative
sample of all habitat types in NNFR, which we reasoned would provide a valid representation
of the diversity, abundance and distribution of sunbird species in the area. Thirteen transects
were located along the edges of the core forest on the eastern side of the reserve, while the
other six were scattered within riparian fragments. Each transect was surveyed twice each sea-
son (November 2012-February 2013 and November 2013-February 2014), for a total of four
Fig 1. Adult males of some of the common sunbird species in our study area and typical sunbird habitat. A. Northern double
collared sunbird, B. Olive sunbird, C. Orange tufted sunbird, D. Green headed sunbird, E. Variable sunbird and F. Ngel Nyaki forest
edge.
doi:10.1371/journal.pone.0170223.g001
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sessions per transect. All transects were sampled equally so that both the forest and its sur-
rounding fragment were equally represented. Since sunbirds generally occupy the same niche
and utilize similar resources [38, 39], we expected all species of sunbirds to have equal proba-
bility of being observed.
During each observation session, the observer and an assistant walked slowly along each
transect, recording birds seen within 50 m on either side of the transect. A pair of Nikon 9 x 40
binoculars was used to confirm the identity of birds. Only birds visually identified were
included in the census data as it was difficult to estimate the actual number of individuals
based on calls alone.
No specific permits were required for the described field studies. Bird observations were
from a distance and did not involve endangered or protected species. Bird identification was
based on Borrow and Demey (2001) [39].
To determine if strong contributors to network stability are the most prone to extinction
we first ranked the sunbird species in our network in order of abundance, our proxy for
extinction proneness (Table 1). Our rationale was based on the reasoning of Vidal et al. [4]
who used rarity as a proxy for extinction proneness based on IUCN assessment criteria [4, 26];
rare species by virtue of their low population size are more vulnerable to extinction than abun-
dant species [4]. In our case we were working at the local level and based our estimates on
local relative abundance rather than IUCN assessment criteria. While all of the sunbird species
in our network are IUCN least concern, they vary markedly in their abundance at NNFR. For
example two very common residents of NNFR, the Northern Double Collared Sunbird (Cin-
nyris reichenowi) and the orange tufted sunbird (Cinnyris bouvieri) are Birdlife International
range restricted, while in contrast the Olive sunbird (Cyanomitra olivaceus) is extremely
uncommon at Ngel Nyaki, yet in Nigeria is classified as a common resident [39]. Using local
abundance as a proxy for rarity in our network seemed sensible as the Mambilla Plateau is an
isolated massife, surrounded by extremely degraded grassland habitat which presumably limits
sunbird dispersal.
To build the tree-sunbird visitation network we combined the observed flower visits
(cumulative visits by individuals of each sunbird species) to create a single visitor by plant (S x
T) matrix, or visitation network, in which the cell values represent the number of occasions
individual sunbird visitors from species S were observed foraging on flowers of tree species T
[40]. To calculate the nestedness of the whole network (Ntot) we used the bipartite package and
the metric NODF (Nestedness based on Overlap and Decreasing Fill) [41], in R statistical
Table 1. The abundance of sunbird species in the network based on number of observations from the transect survey. Based on IUCN assessment
criteria rare species (those with small population sizes) are more extinction prone than common ones.
Sunbird Species No. Rank Abund. D.D. Con. C.N.
V Cinnyris venustrus 525 1 12 0.857 1.2231945
Ndc Cinnyris reichenowi 359 2 12 0.857 0.9510778
Ot Cinnyris bouvieri 356 3 11 0.785 1.1386220
Gh Cyanomitra verticalis 97 4 7 0.5 0.9500930
Cop Cinnyris cupreus 28 5 2 0.142 0.6979206
Sp Cinnyris coccinigastrus 20 6 2 0.142 0.7045720
Coll Hedydipna collaris 0 7 5 0.357 -0.7298658
Ndc-Northern double-collared sunbird, V-Variable sunbird, Ot-Orange-tufted sunbird, Gh-Green—headed sunbird, Cop-Copper-headed sunbird, Sp-
Splendid sunbird, Coll-Collared sunbird; No.–number observed during transect survey; Rank Abund.- Rank abundance, 1 most abundant; E. Risk-
Extinction Risk; D.D.- Degree distribution;Con.- Connectance; C.N.- Contribution to nestedness.
doi:10.1371/journal.pone.0170223.t001
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software version 2.15.3 [42]. Using the “visweb” function, we generated a bipartite matrix to
visualise the frequency and pattern of interactions in the network. To determine which sun-
bird species contributed the most to nestedness, we subtracted a second measure of nestedness
(Ni
), calculated after randomising the contributions of each species to Ntot, according to
methods described in Saavedra et al. [3] which are based on [9].
To compute the contribution of one bird species to the nestedness of the entire matrix, we
calculated the difference in the nested NODF scores between the observed matrix and the aver-
age nestedness score of 1000 matrices, where the entries associated with the sunbird of interest
were randomised. To test whether the measure of nestedness we obtained for the network (i.e.
NODF) was significantly different from that expected by chance alone, we implemented two
null models. First we randomized the matrix while preserving the number of presences (using
the “r00” algorithm implemented in vegan’s null model function). Secondly we implemented
the curveball algorithm in the R package ‘vegan’, which constrains connectance and species
degree [43].
With the “species level” function in the bipartite package, we determined network connec-
tance, the realised interactions (number of interaction partners) of a given species divided by
the total number of possible mutualistic interactions (total number of prospective partners)
(Eq 1):
C ¼ L=Ij ð1Þ
Where C = connectance, L = number of realised links in a network, I = number of tree species,
and J = number of sunbird species.
Individual species connectance was calculated separately for each sunbird species [40]; and
species connectance was calculated as:
C ¼ Aj=I ð2Þ
Where Aj = total number of interactions of species j (sunbirds) and I = number of tree species.
To determine whether species that contribute the most to nestedness are the least likely to
survive perturbations, we ran a linear regression of species abundance (our proxy for rarity)
against contribution to nestedness. A linear regression was also used to investigate the rela-
tionship between a species contribution to nestedness and its connectance.
Results
Table 1 illustrates the relative abundance of all sunbird species in our network. The least abun-
dant sunbird the collared sunbird, Hedydipna collaris was not recorded at all in our transect
survey while the most common species in the network, the variable sunbird, was recorded 525
times. In our network (Fig 2, S1 Table) the total number of tree species (14) was greater than
the number of sunbird species (7). The overall network nestedness (NODF value) was 73.23
This degree of nestedness is substantially higher than expected if all bird-tree interactions
occurred at random (P<0.005), But it is not significantly different from what would be
expected from chance alone when we constrain for connectance and species’ degree using the
curveball algorithm (Strona et al. 2014).
The strongest sunbird contributor to nestedness was the variable sunbird, Cinnyris venus-
trus (1.223) and the weakest contributor the Collared sunbird C. collaris (-0.729) (Table 1).
The linear regression of a species contribution to nestedness against its abundance did not sup-
port the hypothesis that extinction prone species contribute more to nestedness than common
ones F1,5 = 3.479, p = 0.1211, R
2 = 0.2924 (Fig 3A).
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The overall network connectance was 0.52, i.e. 52% of all possible interactions were realised.
The two most connected sunbird species were the variable sunbird C. venustrus and C. reiche-
nowi, both of which had a connectance value of 0.87, meaning they each interacted with 87%
of the tree species in the network. The least connected sunbird species were C. cupreus and the
splendid sunbird, C. coccinigastrus, both of which had a connectance value of 0.14.
We found a non-significant negative correlation between species contribution to nestedness
and their connectance (coefficient = -0.584, N = 7, p = 0.16) (Fig 3B). The strongest contribu-
tor to nestedness (C. venustrus) was also one of the two equally most connected species, while
the weakest contributor to nestedness (C. collaris) was ranked fourth in terms of connectance.
Discussion
Our bird-tree visitation network is the first of its kind to be described from a West African
montane habitat. While it is a sub-set of a larger network (we didn’t include insect or bat visi-
tors in this network) it nevertheless adds to our knowledge and understanding of bird-plant
visitation networks and provides valuable base-line data from which we can refine both our
questions and empirical methods.
The network was unusual in that its imbalance of plant and animal species was in favour of
plants [33] (14 tree vs seven sunbird species respectively). Presumably this is because we
focused on birds, if we had included insect and/or bat visitors into our network the balance
Fig 2. Graphical representation of the quantitative sunbird-tree pollination network at Ngel Nyaki Forest Reserve. Black
rectangles represent sunbird (left) and tree (right) species. Rectangle width is proportional to the number of interactions recorded
per species. Lines represent links between species; line width is proportional to the frequency of interactions (number of visits
recorded by a visitor species to a plant species).
doi:10.1371/journal.pone.0170223.g002
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may well have been different. As in most mutualistic networks most links were weak and only
a few were strong [33]. Three of the four strongest links in the network undoubtedly represent
pollination visitations to some extent. We know from seed set exclusion experiments that A.
noldea is dependent on sunbirds for pollination, and that the northern double collared sunbird
is a key pollinator [32]. Moreover, despite their small flowers most obviously adapted for insect
pollination, the links between the tree species Nuxia congesta and Albizia gummifera and the
orange tufted sunbird may well reflect pollination because the orange tufted sunbird carried
significant pollen loads of both species at NNFR [36]. Moreover African sunbirds are known
to be relatively unspecialised in terms of morphological adaptations to nectar feeding [29, 30].
To what extent all links (flower visitations) in our network represent pollination rather than
nectar robbing, catching visiting insects or even florivory [44, 45] is under investigation. An
Fig 3. The scatterplots of the linear regressions with best fit lines of (A)- abundance vs species
contribution to nestedness and (B) connectance vs species contribution to nestedness. Each black
dot represents a sunbird species.
doi:10.1371/journal.pone.0170223.g003
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increase in cheating in visitation networks may destroy nestedness and enforce modularity by
which the structure would slow down the spread of disturbances [17, 46].
Our first question in this study was about the resilience of the sunbird-tree pollination net-
work; arguably nestedness provides some indication of the potential for networks to rebound
from perturbations [3, 13, 15, 47] but see [6]. Our results were inconclusive; based on our first
null model in which we randomized the matrix while preserving the number of presences, the
degree of nestedness is substantially higher than expected if all bird-tree interactions occurred
at random. However when we constrained both connectance and species degree our network
was no more nested than what would be expected from random matrices, which suggests it
may be more sensitive to loss of a single species than a more nested network [12]. In compari-
son with another study where a NODF value has been used to predict network stability [48],
our network NODF value of 73.2 is less than that observed in the very robust network of soli-
tary bees—oil flowers (NODF = 84.0) but is markedly higher than the values these authors
observed in 22 whole pollination networks from the Interaction Web Database (NODF = 0.32
+/- 0.18). Just how the ecology of the sunbirds in the network influences this NODF value
needs investigation. Many sunbirds feed on herbs as well as trees [30], while many of the trees
in the network are likely pollinated by insects, so that there may well be considerable redun-
dancy in the system. The only confirmed specialization is between A. noldae and sunbirds
[32], and during this study A. noldea was visited and likely pollinated by six of the seven sun-
bird species in the network. The fact that some visitors to our network were nectar robbers
[31] will affect nestedness, and possibly increase modularity [46]. Taken together these ecologi-
cal observations suggest the network is likely to be relatively robust, because losing a species of
either bird or tree is unlikely to collapse the network.
We found no evidence in support of our hypothesis that extinction prone species contribute
the most to nestedness. Arguably the seven sunbird species in our network made more or less
equivalent contributions to nestedness so that in this case their abundance and conservation
extinction risk status apparently made little difference. Moreover the Variable sunbird, the
most abundant sunbird species, contributed the most to nestedness, and the Orange-tufted
sunbird (a common species with low extinction risk), ranked second in contribution to nested-
ness is further indication that the positive effect of rarity on species contribution to nestedness
may not be universal. Moreover, the rarest sunbird species of all, so rare that it was never
observed during the survey, contributed the least to nestedness and was the only negative con-
tribution (Table 1). The significance of this is unclear. While it may indicate that its contribu-
tion was functionally less than all the other species with positive values, the small network and
correspondingly low statistical power make this inconclusive.
Our third objective was to test whether strong contributors to nestedness have low connec-
tance. Again, our results did not support this hypothesis. Given our small statistical power it is
unclear as to the relevance of our findings, but the strongest contributor to nestedness (the
Variable sunbird) was one of the two most connected species. The markedly weakest contribu-
tor to nestedness, the Collared sunbird was ranked fourth out of five connectance values
(Table 1).
Despite the small network and consequent low statistical power of the results, our findings
are important in that they challenge current network theory; we did not detect a significant
link between a species’ extinction proneness and its contribution to nestedness [3]. Being an
empirical study in a remote and vulnerable habitat, internationally recognised for its birdlife
[35, 38, 49], it is important that we get it right. Integrating network theory into management
decisions [28] should be useful but combining theory with field work can be challenging.
Future research needs to explore why we found discrepancies between theory and empirical
results. Our network is not unique in being small, open and including visitors with very
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different relative contributions to pollination vs eg. nectar robbing [31, 45]. Not all sunbird
species are equally dependent on tree species for nectar or forests for habitat, for example
Horak et al. [38] found that in Cameroon the orange tufted sunbird preferred open mountain
vegetation to montane forest. Co-occurring sunbird species use different habitat niches [49,
50] and generally speaking trees tend to be less specialised to bird pollination than are herbs
[1]. More statistical power could be gained if the observational data were increased by looking
at larger bird/plant pollination networks, for example the New world hummingbirds. This
may allow clarification of the significance of our findings. Alternatively our proxies for extinc-
tion proneness may not be accurate; most of the rare, extinction prone species in our study site
are relatively abundant elsewhere in Nigeria and it is possible that this makes them less extinc-
tion prone in NNFR. This seems unlikely, given the remoteness of the Mambilla Plateau, but it
cannot be ruled out. In contrast, the most common sunbird species within NNFR are scarce or
absent elsewhere in West Africa. For instance, the Northern double-collared and orange-
tufted sunbirds were among the most abundant species in the reserve yet they are regionally
restricted to NNFR and Obudu plateau in the whole of West Africa [39]. In this study we have
used a sunbird-tree visitation network. If we had used a sunbird-tree pollination network or
even some intermediate proxy such as pollen load, and therefore considered factors more
tightly aligned with fitness, our results may have varied. Therefore future research should
focus on how nestedness and connectance interact with other determinants of network struc-
ture such as dietary preferences, phenology, and trait-matching. While difficult to do, such
empirical data are necessary in order to provide even more useful insights into the various
forces mediating network structure and how these forces affect the survival of species and the
stability of networks.
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